Melatonin (N-acetyl-5-methoxytryptamine), an "old friend" and well known as an animal hormone but "new" to plant biology is arousing great interest due to its broad distribution in the biological kingdom and the recent data on its possible physiological role in plants.
Many studies on melatonin, as a phytochemical compound with potentially interesting health-related properties, have recently appeared, but no more than 15-20 papers with a plant physiological focus have been published since 1995. Besides mentioning the most interesting data on melatonin related with plants, this review will hopefully trigger more studies into this molecule to deepen our understanding of the different physiological roles that it might play in plants. We shall briefly look at the well-known function of melatonin in vertebrates, its discovery in plants and other organisms, and its presence in plants as a possible medicinal phytochemical. The joint biosynthetic pathways of melatonin and the auxin indole-3-acetic acid (IAA) will be described. Thus, we reveal the new and emerging field of melatonin studies in plants, the limited physiological data available and its possible role in plants.
MELATONIN: DISCOVERY AND FUNCTIONS
Melatonin is an indolic compound (biogenic indoleamine) related structurally with other important substances, such as tryptophan, serotonin, indole-3-acetic acid (IAA), etc. (Fig. 1) . Melatonin was discovered in 1958 from the bovine pineal gland and identified as N-acetyl-5-methoxy-tryptamine by Lerner and coworkers. 1 It was named melatonin because of its ability in certain fish, reptiles and amphibians to lighten skin. 1, 2 Today, melatonin is known as a biological modulator of mood, sleep, retina physiology, sexual behavior, seasonal reproductive physiology, circadian rhythms and immunological enhancement. In mammals, melatonin is secreted from the pineal gland at night, from where it diffuses into the cerebro-spinal fluid and the blood stream, although levels quickly drop during the day. Thus, a role in photoperiodic regulation has been demonstrated because of the duration and timing of the melatonin signal. Also, serum melatonin levels in humans vary markedly with age, showing consistent circadian pulses until the mid 20`s, after which the pulses decline with age until the 60's. [2] [3] [4] [5] [6] [7] [8] [9] Another recent and important action attributed to melatonin is its scavenging capacity (antioxidant activity) against biological free radicals, such as reactive oxygen and nitrogen species, including the hydroxyl radical, singlet oxygen, peroxyl radical, hydrogen peroxide, peroxynitrite anion and nitric oxide. In this respect, it is interesting that melatonin shows certain peculiarities as an antioxidant, the melatonin molecule presenting no pro-oxidative effects, while melatonin-intermediate products show antioxidant properties and an important synergistic action with other antioxidants, such as ascorbic acid, glutathione, etc. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The effect of melatonin on the photoperiodic (circadian) rhythms together with its antioxidant properties explain why it is sometimes taken as a food supplement (see below).
From 1980 onwards, the detection of melatonin in non-vertebrates (insects, crustaceans, planarians, etc.) began to be reported. In insects particularly, circadian rhythms with nocturnal maxima were described. Nevertheless, in many species arrhythmicity or diurnal peaks of melatonin have been reported. In 1991, melatonin was detected in the unicellular algae Gonyaulax polyedra and, later, in other dinoflagellates and green algae. [22] [23] [24] Melatonin was also detected in bacteria and fungi, but has been investigated in very few species. An excellent review of melatonin in non-vertebrates with a broad reference list can be consulted in Hardeland and Poeggeler. 25 In vascular plants, melatonin was first detected in 1995, when several groups found it mainly in mono-and dicotyledon edible plant families. [26] [27] [28] [29] Since then, melatonin has been detected and quantified in roots, shoots, leaves, fruits and seeds of a considerable variety of plant species. The most common techniques used to measure melatonin are the radioimmunoassay and high performance liquid chromatography with electrochemical or fluorescence detection. Lastly, high performance liquid chromatography coupled to mass-spectrometry identification is a powerful and essential tool for the precise determination of melatonin in plant samples. [26] [27] [28] [29] [30] [31] The levels of melatonin in plant organs vary considerably, from picograms to micrograms per gram of plant material. Generally, seeds and leaves present the highest level of melatonin and fruits the lowest. 26, 28, [32] [33] [34] [35] Nevertheless, more specific analyses of melatonin are needed, taking into account variables such as the variety, agronomic cultivation conditions, extraction protocols and the technique used for measuring purposes. Until now, studies of melatonin in plants have concentrated on measuring its levels and its possible implications in human food, since melatonin from plant foods is absorbed from the gastrointestinal tract and incorporated in the blood stream; it also crosses the blood-brain barrier and the placenta, while at subcellular level, it is mainly incorporated in the nucleus and mitochondria. [36] [37] [38] The possibility of modulating blood melatonin levels in mammals and birds through the ingestion of plant-derived foods has led to numerous studies where melatonin is considered as a health-related phytochemical. Table 1 presents some of the most characteristic studies on melatonin, and shows the plant species analyzed, the technique used and the principal aim of the studies. Of particular interest is its presence in medicinal herbs, where it is traditionally used as a sleep modulator in human sleeping disorders, as an anti-depressant or to combat jet-lag. Some herbs (medicinal or not) present high levels of melatonin, in the order of µg/g dry weight, as is the case of Hypericum perforatum (St. John's wort), Tanacetum parthenium (feverfew) and some Chinese medicinal herbs. [39] [40] [41] [42] 
MELATONIN AND IAA: JOINT BIOSYNTHETIC PATHWAYS
The de novo biosynthesis of IAA in plants has been extensively studied and two main pathways have been established, one tryptophandependent and the other tryptophan-independent. [43] [44] [45] [46] Figure 1 shows a schematic representation of the biosynthesis of IAA, in which the tryptophan-dependent pathway is depicted. In the other pathway, present in bacteria, fungi and plants, IAA is synthetized from chorismate, generating, indole-3-glycerol-phosphate, which is converted into tryptophan and IAA.
The tryptophan-dependent biosynthetic pathway of IAA is induced by many factors, including light, temperature, wounding and pathogen infection. In plants, tryptophan is converted to IAA through three possible routes: (a) the indole-3-acetaldoxime, (b) the indole-3-pyruvic acid and (c) the tryptamine pathways. This last appears as a loop, taking in indole-3-acetaldehyde as a common metabolite with the indole-3-pyruvic acid route. In the indole-3-acetaldoxime pathway, the intermediate indole-3-acetonitrile can be converted to IAA through the action of the enzyme nitrilase. This pathway (characteristic of Brassicaceae) is also fed from the indolic glucosinolate pool through the action of myrosinases. The indole-3-acetamide pathway (no picture in Fig. 1 ) has mainly been described in bacteria.
The biosynthetic pathway of melatonin has been clearly determined in mammals, including humans, and other groups (amphibian, reptilian, avian) ( Fig. 1) . 4, 6, [47] [48] [49] [50] [51] [52] [53] Melatonin is synthetized from serotonin (5-hydroxy tryptamine) via an acetylation reaction catalyzed by arylalkylamine N-acetyltransferase, also called serotonin N-acetyltransferase (NAT) (EC 2.3.1.87), a regulated enzyme that controls melatonin biosynthesis. The last step is catalyzed by hydroxyindole O-methyltransferase (HIOMT) (EC 2.1.1.4). Serotonin is generated from 5-hydroxytryptophan in a reaction catalyzed by the aminoacid decarboxylase (EC 4.1.1.28). This enzyme also acts on tryptophan, giving rise to tryptamine. Tryptamine can be transformed into serotonin by the action of tryptophan 5-hydroxylase (EC Melatonin in Plants 1.14.16.4), which can also act on tryptophan, forming 5-hydroxytryptophan. Tryptamine is also a substrate of NAT, forming N-acetyltryptamine, which can be hydroxylated to form N-acetylserotonin. All the enzymes shown have been isolated and characterized in animal tissues, but not in plant material. One exception is the enzyme tryptophan decarboxylase ( Fig. 1) , which has been studied in many plant species, according to InterPro, UniProt, IntEnz and Brenda databases. This pyridoxal-dependent decarboxylase is present in all the kingdoms, from bacteria to human, and has been related, in plants, with tryptamine formation (IAA biosynthesis) but not with the formation of serotonin. This enzyme has been characterized in Arabidopsis thaliana, Oryza sativa, Catharanthus roseus, Papaver somniferum and others. The other melatonin biosynthesis enzymes, tryptophan 5-hydroxylase, serotonin N-acetyltransferase and hydroxyindole O-methyltransferase ( Fig. 1) do not appear to have been studied in plants according to the above mentioned databases. Obviously, the generic activities (hydroxylases, acetyltransferases, methyltransferases) have been extensively described in plants in diverse metabolic pathways, but never in relation with melatonin metabolism. The biosynthesis of melatonin and IAA presents some common precursors, such as tryptophan and tryptamine (see Fig. 1 ). As regards the routes, while the catalyzed steps to form IAA in plants have largely been elucidated by radioactive and biochemical assays, our knowledge on melatonin biosynthesis in plants is practically nil. In this respect, the work of Murch's group on melatonin biosynthesis in plants is unique. 54, 55 In this study, the radioactivity from 14 C-tryptophan was recovered as 14 C-indole-3-acetic acid, 14 C-tryptamine, 14 C-5-hydroxytryptophan, 14 C-serotonin and 14 C-melatonin in 1 hour-treated in vitro Hypericum perforatum L. plants, showing the interrelation between melatonin and IAA metabolism. Also, some enzymological data on serotonin biosynthesis in walnut seeds have been published. 56 Luckily, the investigations into melatonin in mammals and other groups are well advanced and much of the information can be applied to melatonin metabolism in plants.
An interesting aspect is the relation between structure and activity. Auxinic compounds such as IAA and phenylacetic acid, or other synthetic auxinic-plant growth regulators such as α-naphthalene acetic acid and 2,4-dichlorophenoxy acetic acid, present a strong negative charge on the carboxyl group of the side chain that is separated from a weaker positive charge on the ring structure by a distance of about 0.5 nm. This charge separation seems to be an essential structural requirement for auxin activity. [57] [58] [59] [60] [61] In the case of melatonin, crystallographic data point to a distance between the indolic ring and the carbonyl group of ~0.52 nm (Arnao MB, unpublished data). In 1994, Edgerton and colleagues 62 proposed a set of molecular requirements for auxin activity based on studies of the capacity of distinct analogs of IAA to bind to auxin-binding protein-1 (ABP-1). Basically, there are three requirements: the existence of a planar aromatic ring, a carboxylic acid-binding site (electronegative charge region) and a hydrophobic transition region that separates the two binding sites. Melatonin seemingly fulfils these conditions (the carbonyl group may simulates the electronegative charge region), although specific experiments still need to be carried out to confirm this. 
POSSIBLE PHYSIOLOGICAL FUNCTIONS OF MELATONIN IN PLANTS
As mentioned above, the relation between melatonin and vascular plants has been studied almost exclusively from a phytochemical viewpoint. However, the limited number of papers published cover the approaches followed to discover a possible role for melatonin in plants. These approaches look at its role: (1) in reproductive development, including circadian rhythms; (2) in cell protection, and (3) in vegetative development. In this section we present the most relevant data for each. Table 1 shows some of the most relevant studies on melatonin in physiological processes, including the plant species, the technique used and the main objectives of the studies.
Role of melatonin in reproductive development and circadian Rhythms. It is entirely comprehensible that, as a first hypothesis, melatonin in plants was thought to have a similar function to that observed in mammals. Thus, the first experimental study of the physiological role of melatonin in plants was to test its possible involvement as a regulatory molecule in circadian rhythms and in aspects connected with photoperiodicity, such as flowering. In this physiological process, photoreceptors, vernalization, hormones and circadian rhythms are integrated in a regulated-complex network. In 1997, Kolar and colleagues 63 presented a study in which the presence of melatonin was confirmed in cultivated 15 day-old plants of Chenopodium rubrum L. using liquid chromatography/tandem mass spectrometry and radioimmunoassays. The authors studied the possible changes in the melatonin levels in light/dark cycles of 12 hours. An oscillating behaviour was observed, showing low or undetectable melatonin levels during the light period and a considerable increase in darkness, when a maximum concentration of 240-550 pg/g fresh weight was observed. This increase during darkness and the range of melatonin concentrations, similar to those observed in animals, opened up interesting expectations. Nevertheless, in a subsequent work, in which plants were exposed to different photoperiodic profiles (6, 12 and 18 h of darkness), no changes in the duration of the melatonin increase with the photoperiod applied was observed, although the maximum of melatonin always occurred after lights off, it being concluded that melatonin synthesis is not directly light-regulated but shows a circadian rhythm, as in animals. 64 In a recent paper, this same group, studied the effect of the exogenous application of melatonin on the flowering of the short-day plant Chenopodium rubrum. 65 Melatonin treatment provoked neither toxic effects nor changes in the shape, color or number of leaves compared with the control plants. Only exogenous melatonin at 100 and 500 µM (much above physiological levels) had a weak inhibitory effect on flowering, but not on the timing and rhythm (phase, period) of the process. Futhermore, 3 H-melatonin applied to the apex and cotyledons of young plants remained practically unmetabolized and was only minimally transported to other regions after 37 h. Thus, whether or not melatonin affects flowering remains unclear. 65, 66 Another group, that of van Tassel and colleagues, investigated the possible variations in melatonin concentrations in two physiological models, Pharbitis nil Choisy seedlings under light/dark photoperiod and tomatoes (Lycopersicum esculentum Mill.) in different ripening stages. In the first, no differences in the melatonin content appeared with respect to the light/dark cycle, the concentration remaining constant throughout. In the case of tomatoes, mature red fruits presented a slightly higher level of melatonin, although not to a statistically significant extent. Thus, the authors concluded, there was no conclusive evidence relating melatonin levels and photoperiod or ripening. 35 Role of melatonin in cell protection. In part as a consequence of the numerous works on the protective role played by melatonin in animal materials, a similar experimental approach has been applied to plant material. Protection against free radical damage is an important aspect of this indoleamine. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Some interesting studies with nonvertebrates have been made. 25 In plants, no clear evidence supporting the protective function of melatonin has, to date, been found. Several hypotheses, however, exist, but only based on melatonin levels in plant organs. Thus, Hardeland 34, 67 hypothezed on the possible role of melatonin as a dormancy maintenance agent in seeds due to the high concentration observed. Also, some relation between the different melatonin content of two cultivars of Nicotiana tabacum and its susceptibility to ozone has been suggested. 26 Manchester et al. 33 analyzing 15 seeds of edible plants, proposed a germ tissue protection role for melatonin. A role as antioxidant against the oxidation of lipid vesicles of Gonyaulax polyedra cysts during photoperiodicallyinduced encystment has also been proposed. 68, 69 An interesting experimental approach was that of Murch and Saxena, 70 who studied the possible protective role of melatonin during flower development of Hypericum perforatum L. A profile of indole levels (IAA, serotonin and melatonin) throughout flower development indicated that serotonin and melatonin present higher concentrations at given stages, and that the higher melatonin level coincided with the maximum regeneration potential of isolated anthers. The authors suggested that melatonin could act as a stress-protecting agent, providing an adaptative mechanism to ensure reproduction.
An interesting effect of melatonin as a protector of cold-induced apoptosis in carrot suspension cells has recently been suggested. 71 In this work, (the nearest to demonstrating a protective role in plants), the anti-apoptotic effect of melatonin could not be experimentally related with reactive oxygen species generation. Nevertheless, an important effect of melatonin as membrane integrity factor (in nuclear and plasmatic membranes) in these cultured cells was demonstrated. This effect of melatonin was explained in animal cells as reducing lipid peroxidation and supporting the optimal fluidity of membranes. 72 More relevant was the finding that the pretreatment of carrot suspension cells by melatonin significantly increased the level of the polyamines, putrescine and spermidine. Although the authors suggested that the effect of melatonin on polyamine levels may be related with some photoperiodic events, a possible interrelation between auxin, melatonin and polyamines is more probable. In general, the application of hormones that stimulate plant development (auxins, cytokinins and gibberellins) increases the content of polyamines in plant tissues, while inhibitory hormones (abscisic acid and ethylene) decrease their content, which suggests a possible physiological activity for melatonin.
Role of melatonin in vegetative development. Its chemical structure (indole derivative) and biosynthetic pathway (from tryptophan) suggest that melatonin might be related with IAA, as some authors have previously suggested. 55, 65, 73 IAA is an auxin involved in many physiological actions, but one of the most typical is its role as growth promotor. 74 As regards the numerous hypotheses concerning melatonin's possible role as a hormonal agent, we recently demonstrated that it does in fact act as a growth promoter, which is the first physiological role attributed to it. 75 In this study, we used three typical longitudinal-growth bioassays applied to young etiolated Lupinus albus L. hypocotyls: section growth, de-rooted hypocotyl growth and apical decapitatedhypocotyl growth with hormone restoration in agar blocks. All bioassay data pointed to the stimulatory effect of melatonin on the growth potential with respect to control bioassays in the concentration range applied (10 nM to 0.1 mM). The optimum growth-promoting effect was determined at 10 µM melatonin. The same paper compared the effect of melatonin with IAA in order to quantify its physiological action. Thus, taking the optimum degree of growth promotion obtained with IAA as 100, the optimum effect of melatonin varied from 22 to 63%, according to the bioassay used. The presence and identification of endogenous melatonin and IAA in the hypocotyls were confirmed by liquid chromatography with tandem mass spectrometry. Also, we studied the distribution of melatonin and IAA in different zones of the hypocotyls (apical, central and basal), demonstrating that melatonin and IAA coexist in the tissues, and that a similar concentration gradient existed for both indoles.
Later, we investigated the possible growth-promoting activity of melatonin in some monocots. The data obtained in Triticum aestivum L., Avena sativa L., Hordeum vulgare L. and Phalaris canariensis L. confirmed the growth-promoting action of melatonin in coleoptile longitudinal-growth assays. 76 In these cases, melatonin presented a growth-promoting activity in coleoptiles of around 10, 20, 31 and 55% with respect to IAA for oat, wheat, canarygrass and barley, respectively. We demonstrated that, in the same concentration range as IAA, melatonin had a strong inhibitory effect on root growth. Thus, the effect of IAA as growth promotor in aerial organs (coleoptile, hypocotyl, etc.) and growth inhibitor in root, was matched by melatonin. 77 In the monocots assayed, similar levels of melatonin and IAA were recorded, although, in barley and oat, the melatonin concentration in etiolated coleoptiles was higher than that of IAA.
The action mechanism of IAA could be mediated by cell wall proton extrusion through the activation and/or new synthesis of plasma membrane H + -ATPases. We demonstrated that a slight acidification of the media during coleoptile growth-promotion was produced by melatonin, as happens with IAA, 76 which pointing to possible coparticipation with IAA. 78 However, the possible involvement of some melatonin catabolites in these auxin-like responses should be considered. For example, 5-methoxyindole-3-acetic acid has been described as an inactive catabolite of melatonin in the retina of Xenopus laevis, 4,11 although it seems unlikely that a minimal amount of the in situ generated catabolite can resemble the auxin activity of a similar concentration of IAA. Also, melatonin can be very stable when infiltrated in plant tissues (more than 24 h without being metabolized). 65 At present, investigations are under way into other possible physiological actions of melatonin related with auxins in vegetative development. Treatment with melatonin at physiological concentrations induced the formation of root primordia in adventitious and lateral roots, affecting the length and number of roots and the rate of growth, in a similar way to IAA. Also, melatonin seems to have a similar effect on cellular expansion (Arnao MB, unpublished data). These data show that melatonin could play some role in in vivo organogenesis, in the same way as IAA. This last aspect was also investigated using in vitro cultured explants of Hypericum perforatum, where an increase in the melatonin concentration of the culture medium was correlated with a high de novo root formation in explants. A possible role for serotonin and melatonin as regulators of plant growth and morphogenesis was postulated. 79 
FUTURE PERSPECTIVES
Although interesting results have been obtained in the past ten years, 80 the data on melatonin in plants are clearly incomplete and more extensive studies are needed to elucidate the role of this compound in plants.
We list below some possible ways forward for the study of physiological aspects of melatonin in plants:
• All considerations with respect to the metabolism of melatonin in plants are still open. Investigations to transfer our knowledge of animal melatonin metabolism to plants are a priority. Such investigations should be centered on: isolating and characterizing the enzymes of biosynthesis and their modulators; the biosynthetic origin at tissular and cellular level; the mode and pathway of melatonin transport; its possible conjugated compounds (some have been described in animal cells) and it catabolic pathway(s). Finally, its interaction with IAA metabolism should also be investigated.
• The existing data on the possible role of melatonin in circadian rhythms and photoperiodic aspects are very interesting but these investigations should be extended to other plant species with the aim of confirming this physiological action. Perhaps, the relation between melatonin and phytochromes/cryptochromes (with related members in many phylogenetic organisms) will open up new perspectives in the possible role of melatonin in flowering, tuberization, vernalization, dormancy and some stress-situations.
• As regards vegetative development, more studies on melatonin as growth modulator are necessary, investigating possible ATPase activation, its cellular localization and cell transporter mechanisms. The involvement of melatonin in organogenesis, both in vivo and in vitro, seems probable. The possible implication of melatonin catabolites in these plant responses should be clearly elucidated.
• Exploratory data on apical dominance, melatonin's role in tropisms (photo-, geo-and others) and its relation with other hormones, especially ethylene, will possibly throw light on the role of melatonin in plants.
• The possible presence of specific melatonin receptors in plant cells cannot be discarded. In animals, various subtypes of receptors (ML1 and ML2) have been characterized, and their genes have been sequenced. [81] [82] [83] Another perspective is the possible interaction of melatonin with the postulated auxin receptor ABP-1 or with the recently identified intracellular auxin receptor TIR-1. 62, 84 • The consideration of melatonin as an universal antioxidant due to its broad phylogenetic distribution is an interesting aspect that should be investigated specifically in plants. More physiological studies on the role of melatonin as protective agent against reactive oxygen/nitrogen species and other environmental contaminants is an important field to study.
To conclude, further studies will probably identity additional physiological processes in which melatonin is involved, pointing to a specific role in conjunction with other classical hormones such as auxin.
